Abstract. Latent infection of the Epstein-Barr virus (EBV) is strongly associated with the pathogenesis of several human tumor types. The restricted expression of the latent EBV antigens is critical for EBV-associated tumors to escape from immune surveillance. EBV lytic replication can be triggered by various treatments and the induced lytic genes cause strong cytotoxic T lymphocyte (CTL) responses. Histone acetylation or deacetylation is associated with chromatin remodeling and regulates gene expression. Histone deacetylase (HDAC) inhibitors affect cell cycle progression as well as gene expression in a wide variety of transformed cells. We examined whether an HDAC inhibitor, TSA, can affect cell cycle progression and induce EBV lytic replication in EBV-transformed lymphoblastoid cell lines (LCLs). TSA caused cell cycle arrest at low concentrations and induced apoptosis at higher (>300 nM) concentrations in the LCLs and EBV negative BJAB cells. To clarify the underlying mechanism of TSA-induced cell cycle arrest, expression of cell cycle regulatory factors was examined by RNase protection assay and Western blot analysis. Following TSA treatment, a reduced expression of cyclin D2 and an induction of p21 may have played an essential role for G1 arrest in LCLs, while p21 induction might have arrested BJAB cells in G1 phase. A Cdk inhibitor, p57, was increased by 300 nM TSA in both LCLs and BJAB cells, indicating its role in apoptosis. Moreover, immunofluorescene assay and Western blotting showed that TSA induced EBV lytic replication in LCL cells. These results suggest that TSA may exert an enhanced anti-tumor effect for EBV-associated tumors not only by inducing a cell cycle arrest and apoptosis, but also by triggering an EBV lytic cycle.
Introduction
Acetylation or deacetylation of histone changes the chromatin structure and regulates gene expression (1) (2) (3) . An aberrant histone acetylation is linked to malignancies (4) (5) (6) . Acetylation of the histone tail is catalyzed by a balanced action of two enzymes, histone acetyltransferase (HAT) and histone deacetylase (HDAC). A variety of small chemical agents, including Trichostatin A (TSA) and trapoxin, bind the catalytic domain of HDACs and block their activity in vitro and in vivo (7, 8) . These HDAC inhibitors affect cell cycle progression and gene expression in a wide variety of transformed cells (9, 10) , indicating they may be feasible anticancer agents.
Epstein-Barr virus (EBV), a ubiquitous human herpesvirus, is a causative agent of infectious mononucleosis. Latent EBV infection is also associated with several human malignancies of lymphoid and epithelial origins, including Hodgkin's disease, Burkitt's lymphoma, gastric carcinoma, nasopharyngeal carcinoma, and immunoblastic B-cell lymphoma in immunocompromised individuals (11) (12) (13) (14) (15) . EBV lytic replication can be induced by various treatments, including anti-immunoglobulin (anti-IgG), phorbol esters (TPA), and butyrate (16) (17) (18) (19) . Zta (ZEBRA) protein, encoded by the BZLF1 gene, is an essential contributor to the initiation of a complete viral lytic cascade, ultimately leading to cell death (20, 21) . Furthermore, cytotoxic T lymphocytes (CTLs) can recognize EBV latent and lytic antigens, resulting in effective removal of EBV infected cells (22) (23) (24) (25) . Thus, the induction of EBV lytic antigens could be a meaningful strategy for treatment of EBV-associated malignancies.
In this study, we examined whether the HDAC inhibitor TSA, can affect cell cycle progression and induce EBV lytic replication in tumor derived EBV-transformed lymphoblastoid cell lines (LCLs).
Materials and methods
Cell culture and reagents. SNU-20 and SNU-1103 cells are B lymphoblastoid cell lines (LCLs) derived from cancer patients (26) . SNU-1103 and SNU-20 harbor a type 1 and 2 EBV, respectively (27) . BJAB is an EBV-negative Burkitt's lymphoma cell line. All cell lines were maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum (Gibco BRL, San Diego, CA) and 10,000 U/ml penicillin/streptomycin (Gibco BRL). Trichostatin A (TSA) was purchased from Sigma (Saint Louis, MO).
Cell growth analysis. Cells in the exponential growth phase were diluted to a density of 1.5x10 5 cells/ml with fresh RPMI-1640 medium containing increasing concentrations of TSA or a vehicle (0.0001% ethanol). The cells were cultured for 3 days in flat bottomed 96-well plates and counted every 24 h after staining with 0.4% trypan blue (Sigma).
Flow cytometric analysis of cell cycle. Cells were synchronized in RPMI-1640 medium supplemented with 0.5% FBS for 36 h. Cells were then transferred into a medium containing 10% FBS and treated with TSA. The cells were harvested every 12 h, washed with ice-cold phosphate-buffered saline (PBS), and fixed by dropwise addition of 70% ethanol. The fixed cells were stained with 50 μg/ml propidium iodide (PI, Sigma) solution containing DNase-free RNase 1 (500 U/ml). The cell cycle profile was assessed for 10,000 cells by flow cytometry using a FACS Calibur system (Becton-Dickinson, San Jose, CA) and the Cellquest analysis program (BectonDickinson).
RNase protection assay (RPA). Following treatment with TSA (100 and 300 nM) or a vehicle (marked as 0 nM) for 24 h, cells were harvested and total RNA was isolated using an RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA probes were prepared by in vitro transcription of the human cell cycle regulator multi-probe templates hCYC-1 (cyclins A, B, C, D1, D2, D3, and A1), hCC-2 (p53, p57, p27, p21, p19, p18, p16, and p14/15), and hCC-1 (Cdk 1, Cdk 2, Cdk 3, Cdk 4, p16, p21, and p16) (Pharmingen, San Diego, CA). Total cellular RNA was hybridized with 32 P-labeled RNA probes at 56˚C for 12-16 h. Unprotected single-stranded RNA was removed by RNase H digestion and protected RNA duplex fragments precipitated and resolved in a 5% denaturing polyacrylamide gel and analyzed by autoradiography.
Reverse transcription-polymerase chain reaction (RT-PCR)
and Northern blot assay. Total RNA was purified using TRIzol reagent (Gibco BRL). cDNA was synthesized in a buffer (50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT) containing SuperScript RNase H-reverse transcriptase (Gibco BRL), oligo(dT) primer, and 40 U of RNase inhibitor. The following primers were used for PCR reaction: CDK2 (forward, 5'-GGAGAACTTCCAAAAGG TGG-3'; reverse, 5'-CTGGCTTGGTCACATCCTGG-3'). CDK4 (forward, 5'-TCTCGATATGAGCCAGTGGCTG-3'; reverse, 5'-TCCACGGGGCAGGGATACATC-3'), CDK6 (forward, 5'-ACTTGGATAAAGTTCCAGAGCCTGG-3'; reverse, 5'-TGGGAAGGGCAACATCTCTAG-3'), ß-actin (forward, 5'-ATCTGGCACCACACCTTCT-3'; reverse, 5'-CGTCATACTCCTGCTTGCTG-3'), and GAPDH (forward, 5'-TGAAGGTCGGAGTCAACG-3'; reverse, 5'-CATGTGG GCCATGAGGTCCA-3'). Amplified PCR products were separated in a 1.5% agarose gel. For Northern blot analysis of p21 mRNA, 10 μg of total RNA was separated in a 1.2% denaturing agarose gel and transferred to a nylon membrane. The blot was hybridized with a 32 P-labeled probe specific for p21. Hybridized bands were visualized by phospho-image analysis.
Western blot analysis. Cells cultured with TSA or a vehicle were lysed in a buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate) containing 0.1 mM NaF, 0.02 mM phenylmethylsulphonyl fluoride, 0.01 mM Na 3 VO 4 , 0.1 μg/ml pepstatin, and 0.1 μg/ml leupeptin. Protein concentration was determined using the Bradford method. Equal amounts of protein (50 μg protein/ lane) were resolved in a 10% or 15% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. The blot was blocked with 5% skim milk and then incubated with an appropriate primary antibody. Following incubation with an HRP-conjugated secondary antibody, protein bands were visualized using an ECL detection system (Amersham, Uppsala, Sweden). The primary antibodies for acetylated histone H4, poly (ADP ribose) polymerase (PARP), cyclin D1, cyclin D2, cyclin D3, cyclin E, p57, and ß-actin, as well as the secondary antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Expression of the EBV lytic gene was assessed using anti-BZLF1 (Dako, Glostrup, Denmark), anti-BRLF1 (Argene, Varilhes, France), anti-BMRF1 (Novocastra, Newcastle upon Tyne, UK), anti-BALF5, and anti-BBLF2/3 antibodies (the last two antibodies were used in ref. 28 ).
Immunofluorescence assay (IFA). Cells were seeded on a 10-well glass slide, fixed with 100% ice-cold methanol for 5 min, blocked with 20% normal goat serum (Jackson ImmunoResearch, West Grove, PA) for 20 min, and washed with PBS. To detect expression of EBV lytic genes, anti-BZLF1, anti-BMRF1, anti-gp110, and anti-gp350 (Chemicon, Temecula, CA) antibodies were used. Cy3-conjugated antimouse IgG (1:3000, Jackson ImmnoReasearch) was used as a secondary antibody.
Results

TSA treatment induced an acetylation of histone in LCLs and
BJAB cells. The effect of TSA on histone acetylation was examined in two EBV-transformed LCLs, SNU-20 and SNU-1103, and an EBV-negative B lymphoma cell line, BJAB. Western blot analysis showed that levels of acetylated H4 histone increased in SNU-20 and SNU-1103 cells when the cells were incubated in the presence of 100 or 300 nM TSA for 24 h (Fig. 1A) . A time course experiment revealed that increased H4 acetylation was evident within 6 h of treatment with 100 nM TSA in all three cell lines (Fig. 1B) . Accumulation of hyperacetylated histone was also demonstrated by acid-urea-triton gel electrophoresis in TSA-treated SNU-20, SNU-1103 and BJAB cells (data not shown).
TSA inhibited the growth of LCLs and BJAB cells.
The effect of TSA on proliferation was examined in SNU-20, SNU-1103, and BJAB cells by the trypan blue exclusion method. A vehicle (DMSO) for TSA had no harmful effect on cell growth (data not shown). Addition of 10 nM TSA to the medium caused only a marginal decrease in viable cells compared to the control (Fig. 2) . However, all three cell lines showed little growth activity following 100 nM TSA treatments. BJAB appeared to regain its growth ability slightly 3 days after the 100 nM TSA treatment. A further increase of the TSA concentration to 300 nM resulted in a complete loss of growth ability and gradual decrease of viability in all cell lines (Fig. 2) .
TSA induced cell cycle arrest and PARP cleavage in LCLs and BJAB cells.
To better understand how TSA might exert a growth inhibitory effect on B cells, flow cytometric analyses were carried out for TSA-treated or untreated cells after staining them with propidium iodide. In SNU-1103 cells, treatment of TSA for 24 h resulted in an increase of the cell population in G1 phase at 10 nM and in G2/M phase at 100 nM (Fig. 3A) . A further increase of TSA to 300 nM caused an apparent disintegration of both G1-and G2/M-cell populations, resulting in a massive increase of the sub-G1 population. Incubation of BJAB cells with increasing concentrations of TSA also resulted in similar cell cycle arrests with SNU-1103 cells (Fig. 3B) . In addition, TSA treatment at higher than 300 nM concentration for 36 h caused an increase of the 85 kDa PARP cleavage products with a corresponding decrease of the 116 kDa intact PARP protein (Fig. 3C) .
TSA affected the expression of cell cycle regulators. The effect of TSA on expression of cell cycle regulatory factors was analyzed by RPA. Under regular growth conditions, SNU-20 and SNU-1103 cells expressed a relatively high level of cyclin D2 mRNA and low level of cyclin D3, cyclin A, cyclin B, and cyclin C mRNA, but expressed little cyclin D1 and cyclin A1 mRNA (Fig. 4A) . When the LCLs were exposed to TSA for 24 h, the levels of the tested cyclin mRNA decreased simultaneously in a concentration-dependent manner. The mRNA of cyclin D2 decreased most dramatically among them. Untreated BJAB cells expressed mRNA for cyclin D3, cyclin A, cyclin B, and cyclin C, but poorly expressed cyclin D1, cyclin D2, and cyclin A1 mRNA. In BJAB, the mRNA levels of cyclin D1 and cyclin D2 were slightly reduced by TSA treatment (Fig. 4A) . A similar RPA analysis revealed that levels of Cdk1, Cdk2, and Cdk4 mRNA did not change after 24 h of TSA treatment in the three cell lines (data not shown). Additionally, RT-PCR analysis indicated little change in steady-state levels of Cdk2, Cdk4, and Cdk6 mRNA in SNU-20 and SNU-1103 cells following TSA treatment for 36 h (data not shown).
RPA analyses were also conducted to determine the effect of TSA on the expression of p53 tumor suppressor protein and various cyclin-dependent protein kinase inhibitors (CDKIs). In LCLs and BJAB cells, mRNAs for p53 and most of the CDKIs tested were expressed at easily detectable levels under regular growth conditions. In BJAB cells, mRNA levels for p53, p16, p18, and p27 decreased by 24 h following TSA treatment (Fig. 4B) . LCLs showed similar gene expression patterns as BJAB cells following TSA treatment. Interestingly, the level of p21 mRNA sharply increased in BJAB but was unaffected in both LCLs after 24 h TSA treatment (Fig. 4B) . Such a differential p21 mRNA accumulation may reflect different kinetics of p21 induction by TSA in these cells. To examine this possibility, Northern blot analysis to evaluate p21 mRNA levels in SNU-1103 and BJAB cells before and after 300 nM TSA treatment at various time points was conducted (Fig. 4C) . In SNU-1103, p21 mRNA increased within 4 h, reached its peak (4-fold increase) at 8 h, and then gradually diminished to the basal level by 20 h following TSA treatment. In BJAB, p21 mRNA was induced within 4 h, accumulated to its maximum (17-fold increase) at 16 h, and then slowly decreased, but still remained 9-fold higher than the basal level at 24 h following TSA treatment.
The effect of TSA on expression of the cell cycle regulatory proteins was also examined by Western blotting. The protein levels of cyclin D1 and cyclin D3 were unchanged in the three cell lines. In contrast, the levels of cyclin D2 were reduced with increasing concentrations of TSA in LCLs, unlike in BJAB where no change was detectable. Cyclin E expression increased slightly in SNU-20 and SNU-1103, while decreasing in BJAB following TSA treatment (Fig. 4D) . Interestingly, increased mRNA and protein of p57 CIP2 were observed in all the tested B cell lines following treatment with 300 nM TSA but not with 100 nM TSA (Fig. 4B and D) .
TSA induced the expression of EBV lytic genes. The effect of TSA on the expression of EBV lytic genes was determined by immunofluorescene assay. While treatment with 100 nM TSA for 24 h had little effect on the expression of EBV lytic genes (data not shown), treatment with 100 nM TSA for 48 h induced expression of EBV early genes (BZLF1 and BMRF1) and late genes (gp110 and gp350) in SNU-1103 cells (Fig. 5A) . Lytic induction was also observed in cells treated with 50 nM TSA (data not shown). The effect of 300 nM TSA on lytic induction seemed to be counter-balanced by increased cell death (Fig. 5A) . Similar results were obtained from SNU-20 cells (data not shown). The effect of TSA on the induction of EBV lytic genes was confirmed by Western blot analysis, and expression of BZLF1, BRLF1, BMRF1, BALF5, and BBLF2/3 proteins increased in a concentration-dependent manner following TSA treatment (Fig. 5B) . Similar to that observed in Fig. 5A , 300 nM TSA was not more effective than 100 nM TSA in inducing lytic gene expression (Fig. 5B) .
Discussion
TSA had a cytostatic effect at 10-100 nM and cytotoxic effect at greater than 300 nM for both EBV infected LCLs and EBV uninfected BJAB cells. We observed that, unlike LCLs, BJAB cells recover cell growth 2 days after 100 nM TSA treatment. The cytostatic effect of low level TSA may be overcome in BJAB after a certain period either because BJAB exerts a higher growth rate than LCLs or because the cells can degrade TSA more efficiently than LCLs. The results of cell cycle analyses indicate that TSA inhibits cell growth of LCLs and BJAB by inducing G1 and G2/M arrest as well as by causing apoptosis.
In LCLs and BJAB, the expression levels of mRNA and protein for cyclin D family members were maintained differentially in an unstimulated state and regulated differentially following TSA stimulation. Our results showed that TSA selectively down-regulated cyclin D1 and D2 in BJAB among the cyclin D family members. However, TSA inhibited expression of all the cyclin proteins, especially cyclin D2, in LCL cells. The high level cyclin D2 expression observed in LCLs may be related to EBNA-2 and EBNA-LP expression in latency III infected B cells. These EBV latent proteins are known to induce cyclin D2 expression (29) . The p21
is a target gene of p53 and commonly induced by a variety of HDAC inhibitors, including TSA. The induced expression of p21
Waf1/Cip1 constitutes a major driving force leading to a blockage of the cell growth in several transformed cell types (30) . We found that TSA treatment decreased the p53 mRNA level in a dose-dependent manner, while increasing the p21 mRNA level. Thus, TSA induced p21 expression seems to be independent of p53 in our system. The cell cycle arrest induced by TSA is most likely mediated by rapid induction of p21 followed by reduced expression of cyclin D2 in LCLs. In contrast, induction of p21 might have played an essential role for G1 arrest in BJAB cells.
The expression of mRNA and protein of p57 Kip2 , another Cdk inhibitor, was significantly increased by 300 nM TSA in all the three B cell lines. A transcriptional activation of p57 by HDAC inhibitors was also reported in other types of cells (31) . TSA induced expression of p57
Kip2 may have caused apoptosis rather than cell cycle arrest in our study because 300 nM TSA induced massive cell death. p57
Kip2 was shown to cause a stimulated apoptosis in HeLa cells (32) .
EBV latency is strongly associated with several malignancies. A potential therapeutic strategy for these tumors involves induction of the EBV lytic cycle causing cell death and immune attack (33, 34) . In EBV infected cell lines, usually a small subpopulation of cells shows spontaneous induction of the lytic cycle. Although the mechanism of switching is not clearly understood, EBV lytic replication can be started by activation of the immediate early genes, BZLF1 and BRLF1 (35) (36) (37) . It has been suggested that histone acetylation of the Zp promoter can reactivate EBV through transcription of BZLF1 (38) . We observed that TSA induced reactivation of EBV lytic cycle in SNU-1103 and SNU-20 cell lines. TSA may have induced EBV lytic cycle via modifying the Zta promoter. Under our experimental condition, TSA induced lytic cycle after 48-h treatment but not after 24 h treatment, which is a similar to that observed using phorbol ester to induce a lytic cycle. It should be noted that 100 nM TSA caused continuous cell growth inhibition for 3 days in LCLs while BJAB cells began to regrow 2 days after TSA treatment. This discrepancy may be caused by the TSA-induced EBV lytic cycle in LCLs resulting in cell death.
In this study, we demonstrated that TSA not only caused cell cycle arrest and apoptosis but also effectively induced EBV lytic replication in EBV transformed B cells. Therefore, HDAC inhibitors may exert an additive anticancer activity for EBV-associated tumors. Further experiments are necessary to determine the acetylation state of the Zp promoter and susceptibility of EBV-associated tumor cells to cytotoxic T cell (CTL) attack following HDAC inhibitor treatment.
